We report on attempts to synthesize Mo nanoparticles under reducing conditions in ionic liquids (ILs). Ionic liquids were based on the 1-ethyl-3-methylimidazolium or 1-butyl-3-methylimidazolium (Emim and Bmim, resp.) cations and the dicyanamide N(CN) 2 , triflate (OTf), bis(trifluoromethylsulfonyl)imide-(NTf 2 ), tetrafluoroborate (BF 4 ), ethyl sulfate (ES), and methylsulfonate (MS) anions. (NH 4 ) 6 Mo 7 O 24 * 4H 2 O and NaBH 4 were reacted in a set of imidazolium ionic liquids (ILs) at 180 ∘ C to evaluate the potential of the ILs for stabilization of metallic Mo nanoparticles. XRD and TEM reveal a strong influence of the IL anion on the particle sizes, shapes, and crystal structures. The influence of the IL cation and the reaction temperature is much less pronounced.
Introduction
The recent interest in the synthesis and characterization of nanomaterials is due to diverse areas of applications, including catalysis, sensing, and electrochemistry [1] [2] [3] . By now, it is well established that the size, shape, orientation, and chemical composition of the nanoparticles have a tremendous impact on their performance [3] [4] [5] [6] . There is thus a need to control these parameters for efficient operation of a device or device component. While there are many protocols available for the synthesis of metallic nanoparticles [6, 7] , there is a need to further elaborate protocols for the synthesis and stabilization of less stable metal particles such as titanium and molybdenum, because these could be interesting for a variety of applications, yet they have not been made via conventional approaches in aqueous or organic solution. Consequently, ionic liquids have been investigated as candidates for the synthesis of many metal nanoparticles [7] , including titanium and molybdenum nanoparticles, because ILs have in the recent past been established as useful media for the synthesis of a wide variety of inorganic materials [8] [9] [10] [11] [12] . While the synthesis of titanium nanoparticles, even from ILs, has remained elusive [13, 14] , the synthesis of molybdenum nanoparticles in ILs has been reported [15] . The approach is based on the thermal decomposition of metal carbonyls, which has enabled the synthesis of many metal nanoparticles [15] [16] [17] [18] .
The current study thus focuses on attempts at synthesizing Mo nanoparticles in ILs via chemical reduction, starting from conventional precursors such as ammonium molybdate tetrahydrate (NH 4 ) 6 Mo 7 O 24 ⋅4H 2 O and sodium borohydride NaBH 4 . In principle, there are a virtually unlimited number of ILs available, but, for this present investigation, the focus is on ILs based on 1-ethyl-3-methylimidazolium or 1-butyl-3-methylimidazolium (Emim and Bmim, resp.) cations and the dicyanamide N(CN) 2 , triflate (TfO), bis(trifluoromethylsulfonyl)imide-NTf 2 , tetrafluoroborate (BF 4 ), methylsulfonate (MS), and ethyl sulfate (ES) anions. These ILs are available in good qualities and there is a large dataset on their chemical and physical properties available from numerous studies in the literature [19] [20] [21] [22] [23] . They thus provide a good starting point for the evaluation of the potential of ILs for Mo nanoparticle synthesis and stabilization. 
Experimental Section

2.3.
Characterization. X-ray diffraction (XRD) was done on an ENRAF Nonius FR 590 diffractometer with a Cu K Xray tube fitted with an Inel CPS 120 hemispherical detector ranging from 1 to 120 degrees 2 . From the intensity data of the XRD peaks, the fraction of metallic molybdenum ( Mo ) was calculated using the equation:
where (110) is the intensity of (110) metallic molybdenum reflection and (200) is the intensity of (200) MoO 3 . FT-IR spectra on solid samples were recorded on KBr pellets on a Thermo Nicolet Nexus 670 spectrometer between 400 and 4000 cm −1 with a resolution of 4 cm −1 . UV/Vis spectra were recorded on particle dispersions in ILs on an Agilent 8453 spectrometer in 10 mm quartz cuvettes. UV-Vis spectra were collected both from the dispersions in ILs and from samples redispersed in ethanol. All measurements were done at room temperature. Transmission electron microscopy (TEM) images were acquired on a Zeiss EM 912 at an acceleration voltage of 120 kV. One droplet of the suspension was applied to a 400 mesh carbon-coated copper grid and left to dry in air. Scanning electron microscopy (SEM) was done on a LEO 1550 Gemini operated at 20 kV. [24] are the key parameters in the mineralization process. Figures 2 and 3 show representative scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images, respectively, of the products obtained in different ILs. Table 2 summarizes the morphologies and particle sizes versus the IL chemistry. As already suggested by the XRD data (Figure 1) , there are no differences between the [Emim] and [Bmim] cations on the particle sizes and morphologies. There are like in XRD dramatic effects of the IL anions on these parameters. ILs with the [BF 4 ] anion show two types of particles, large, rounded particles with sizes in few 100 nm range, and very small spherical particles with diameters below 10 nm. The larger particles are reminiscent of TEM images of sintered ceramics; that is, they typically do not show up as individual particles. Rather, they are connected, exhibit pores between the particles, and exhibit visible grain boundaries between individual connected particles. In contrast, the small particles are present as individual objects.
Results and Discussion
ILs with [MS] and [N(Tf) 2 ] anions lead to an even more heterogeneous range of products. [N(Tf) 2 ] anion lead to (1) large crystals with well-developed faces that typically are present in the form of tens of micrometer-sized strongly aggregated assemblies, (2) spherical objects with diameters in the micrometer range that appear to consist of IL droplets surrounded by an inorganic shell, and (3) 2 ] are difficult to analyze in the TEM. This is mostly due to the poor contrast. Nevertheless, TEM shows that, only in this IL, fiber like entities with a length of few 100 nm coexist with, again, spherical nanoparticles with a diameter of a few nanometers. This is consistent with the observation that, only in this IL, the viscosity shows a dramatic increase after the reaction is terminated, a phenomenon indicating the formation of a gel rather than a fluid phase containing discrete (nano)particles. can be assigned to the ILs only. This suggests that (1) there are only a few dispersed particles present and/or (2) that the particles still contain a significant amount of IL, similar to an earlier study, [14, 24] which can desorb into the ethanol as the dispersions were prepared from the isolated nanoparticle powders. Figure 5 shows representative IR and Raman spectra of some samples. The stretching vibration in the region 3200-2900 cm −1 is assigned to the imidazolium C-H mode. The in-plane ring mode is observed in the region 1600-1500 cm All of the ILs used in this present study have the 1-ethyl-3-methylimidazolium or 1-butyl-3-methylimidazolium cation, but the anions are N(CN) 2 , TfO, MS, ES, BF 4 , and NTf 2 . It is worth noting that the particles grown in ILs with anions containing fluoroalkyl groups are well-developed crystals and larger in size than those grown in nonfluorinated anion. The particles size also correlate with the molar volume of the anion. We observed a size increase in the nanoparticles grown in ILs with increasing molar volume of the anion. There is a favorable interaction between the metal salt and the fluoroalkyl substituents on the anion leading to increasing solubility of the metal salt in these ILs and consequently faster nucleation and growth. It has been postulated that metal nanoparticles are stabilized in the ILs by the formation of protective anion and the cation layers around them in a core-shell system [25, 26] . Redel et al., 2008 [15, 16] , have suggested that the thickness of the stabilizing shells around an MNP depends on the IL molecular ion volumes. According to the DLVO (Derjaguin-Landau-Verwey-Overbeek) theory [27] , ILs provide an electrostatic protection in the form of protective shell for MNPs so that no extra stabilizing molecules are needed. In this type of stabilization, the anions and cations from the ILs which are in the colloidal dispersion associate with the nanoparticles leading to the formation of electrical double layer. The present study uses ionic liquids as a solvent and as a stabilizing agent in the nanoparticles synthesis.
Conclusions
In summary, stable Mo and molybdenum oxide nano-and microparticles have been synthesized in ILs with a variety of anions under reducing conditions. Most notably and in agreement with literature, XRD and TEM reveal a strong influence of the IL anion on the particle sizes, shapes, and crystal structures. The influence of the IL cation and the reaction temperature is much less pronounced. The experimental approach is less efficient than a method reported by Janiak and coworkers [17, 18] , because it is much more dependent on the IL/molybdenum salt precursor combination but is possibly easier to scale up, as the molybdenum salt used here (NH 4 ) 6 Mo 7 O 24 * 4H 2 O is essentially nontoxic, commercially available, and easy to handle. Although there is thus a need to better understand the nucleation and growth process and to further optimize the synthesis protocol, our approach presents a suitable strategy towards the controlled synthesis of molybdenum nanoparticles with a reasonable particle size distribution using the (NH 4 
